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(57) Abstract 

A programmable patient monitoring system is provided including an actigraph device (10) securable to a desired location 
on a human or animal patient for detecting and recording an occurrence or absence of at least one bulk body movement in the 
patient overtime; a computer (13) having software programming which permits the computer to receive stored data from the acti- 
graph for further processing and reporting and also permits the computer to transmit instructions to a processor circuit (43) with- 
in the actigraph (10) to alter or select an appropriate operating mode for the actigraph (10); and an electrical interface (14) for 
electrically connecting the actigraph (10) and its processor circuit (43) to the computer (13). A sensor (30, 40) within the actigraph 
(10) provides an analog electrical signal which is amplified in an amplifier circuit having a selectable amplification factor, and 
filtered by highpass and lowpass filter circuits having individually selectable cutoff frequencies. 



FOR THE PURPOSES OF INFORMATION ONLY 

Codes used to identify Slates party to the PCI' on the front pages of pamphlets publishing international 
applications under the PCI". 



AT 


Austria 


PI 


hi n land 


Ml. 


Mali 


AU 


Australia 


FR 


France 


MN 


Mongolia 


88 


Barbados 


CA 


Uubon 


MR 


Mauritania 


BE 


Belgium 


CB 


United Kingdom 


MW 


Malawi 


BF 


Burkina Fasu 


CN 


Guinea 


NL 


Netherlands 


BC 


Bulgaria 


CR 


Greece 


NO 


Norway 


BJ 


Benin 


HU 


Hungary 


PL 


Poland 


BR 


Brazil 


IE 


Ireland 


RO 


Romania 


CA 


Canada 


IT 


Italy 


RU 


Russian Federation 


CP 


Central African Republic 


JP 


Japan 


SD 


Sudan 


CG 


Congo 


KP 


Democratic People** Republic 


SE 


Sweden 


CH 


Switzerland 




of Korea 


SN 


Senegal 


CI 


Cole d '1 voire 


KR 


Republic or Korea 


SU 


Soviet Union 


CM 


Cameroon 


LI 


Liechtenstein 


TD 


Chad 


CS 


tv-cchusfovaliu 


LK 


Sri 1-anta 


TG 


Togo 


DE 


Germany 


LU 


Luxembourg 


US 


United States of America 


UK 


Denmark 


MC 


Monaco 






ES 


Spain 


MC 


Madagascar 







■ \ 



WO 92/22245 PCT/US92/0S093 



-1- 

PROGRAMMABLE PATIENT MONITORING SYSTEM 
Background of the Invention 
The subject invention relates to apparatus 
and methods for monitoring activity of the human body. 
5 More particularly, the invention relates to apparatus, 

systems and methods by which the occurrence and length 
of certain types of body movements which form activity 
phenomenon can be selectively observed and accurately 
quantified. 

10 A human subject engages in a wide range of 

body movements. Such movements can range from the 
voluntary and visually perceptible — such as the 
movement of legs, arms and head, to the involuntary 
and visually imperceptible, such as the slight changes 

15 in elevation of skin caused by the rhythmic pulsations 
of blood and breathing. 

The observation of body movement can provide 
much information useful to physicians and researchers. 
For example, by observing a subject's movements, the 

20 occurrence and length of natural phenomenon, such as 
wakefulness, rest and sleep can be determined. By 
observing the nature of a subject's movement, the 
occurrence and severity of disorders and the effects 
of drugs or other therapy can be assessed. In many 

25 cases quantification of the subject's movement is 

preferred so that the movement pattern of one subject 
can be compared with the movement pattern of others. 

Direct visual observations of body movement 
are labor intensive, time consuming and tedious. 

30 Moreover, direct visual observations provide only a 
limited range of qualitative information, such as 
subjective descriptions of a subject's visually 
perceptible movements. Little, if any, quantification 
in readily comparable values, such as degree, 

35 strength, and/or violence of a subject's activity, and 
no information, either qualitative or quantitative, of 
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a subject's visually imperceptible movements is 
obtained. Furthermore, the value of qualitative 
information obtained by directly observing a sub ject 
is subject to question as such observations themselves 
5 may cause the subject to become conscious of and 
thereby alter his or her movements. 

Activity monitors have been developed for 
observing and quantifying certain aspects of movement 
without the involvement of an observer. However, such 
10 monitors had disadvantages which limited their 

usefulness. For example, such prior monitors were 
typically of a size which interfered with free 
movement of the subject, and typically had either 
little or no internal memory and/or little or no data 
15 processing capabilities. In order that data produced 
by many of these activity monitors could be stored 
and/or processed it was necessary to connect the 
monitors through cables to external data storage and 
processing devices. Tethering the monitor in this way 
20 to an external device also tethered the subject to the 
device, thereby restricting the subject's movement and 
biasing the results. 

In those prior activity monitors which had 
internal memory, saturation of the memory occurred 
25 when the subject engaged in activity which produced a 
volume of data that, for the period of time over which 
the subject was being monitored, exceeded the capacity 
of the memory. 

This problem was aggravated because prior 
30 activity monitors were not selectively configurable to 
collect data only for a particular activity, so that 
unusable or irrelevant data was often allowed to 
occupy memory space along with usable data. Prior 
monitors did not have the capability to be 
35 reconfigured according to preset instructions and/or 
in response to the data collected by the monitor. 
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Prior monitors typically utilized sensors to 
detect body movement which, because of the need to 
suppress harmonics and other artifacts from the 
limited memory, lacked the sensitivity to detect small 

5 scale, visually imperceptible movements such as those 

caused by breathing, the beat of the heart, and the 
flow of blood. 

A demand therefore exists for an activity 
monitor and method by which the activity of a subject, 

10 even that activity which includes movements that are 
not necessarily visually perceptable, can be 
selectively observed and accurately quantified. The 
present invention satisfies this demand. 

Accordingly, it is a general object of the 

15 present invention is to provide an improved apparatus, 
system and methods for selectively observing and 
accurately quantifying certain aspects of the motion 
of a subject. 

An object of the present invention is to 

20 provide an activity monitor having a size and 
construction such that the monitor may be 
conveniently worn on the subject. 

Another object of the present invention is 
to provide an activity monitor which can collect data 

25 regarding a subject's activity automatically and 

according to instructions initialized in the monitor. 

Another object of the present invention is 
to provide an activity monitor having a memory in 
which operating instructions and collected data are 

30 stored. 

Another object of the present invention is 
to provide an activity monitor with which data 
regarding a subject's movement can be processed 
automatically and according to instructions 
35 initialized in the monitor. 

Another object of the present invention is 
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to provide an activity monitor wherein the type of 
data collected and the processing of the data by the 
monitor cam be automatically changed. 

Summary of the Invention 
5 The present invention is directed to an 

activity monitor and methods by which both visually 
perceptible and visually imperceptible movement can be 
selectively observed and accurately quantified. 

The apparatus includes an activity monitor, 
10 or actigraph, having a size, shape and construction 
that allows the monitor to be worn on the surface of 
the skin of a subject and which functions reliably and 
without restriction of the subject's movement. One 
preferred embodiment of the monitor of the present 
15 invention is configured for wearing on a subject's 

non-dominant wrist. The monitor may be configured to 
be worn on other parts of a subject's body as well. 

In particular, the activity monitor, of the 
present invention includes a movement sensor by which 
20 the full range of a subject's movement, even that 

which is visually imperceptible, can be detected. A 
preferred sensor is a cantilever piezoelectric bimorph 
beam. The use of a bimorph beam as a sensor is 
advantageous in that it provides high sensitivity and 
25 operates without requiring any operating power, such 
as from a battery, thereby conserving this generally 
limited resource* Furthermore, such a sensor 
operates in the absence of a gravitational field 
thereby expanding the applications in which the 
30 monitor can be utilized. 

The bimorph beam in response to an applied 
force produces a signal whose frequency varies 
according to the movement to which the monitor is * 
subjected. When the monitor is secured adjacent to 
35 the surface of the skin of a subject, such as on the 
subject's non-dominant wrist, the monitor produces 
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signals having frequencies ranging from approximately 
.16 hertz to 9 hertz- Within this frequency range, 
certain activities of the subject produce frequencies 
falling within certain specific narrow frequency 

5 ranges. For example, breathing produces a signal 

having a frequency range of .2 to 1 hertz, the beat of 
the heart produces a signal having a range of 2 to 3 
hertz, and the typical night time activity of a 
subject produces a signal having a range between .2 

10 and 3 hertz. Disorders, such as tremor activity, 

typically produce a signal having a range of 2 to 9 
hertz . 

So that such specific frequency ranges among 
the wide range of frequencies which a subject's many 

15 movements produce can be selectively observed and 
quantified, the activity monitor includes signal 
processing means which amplify, shape and filter the 
signal produced by the sensor. 

In particular, so that a low amplitude 

20 signal, such as those produced by breathing and heart 
beats, can be isolated for later processing A the 
activity monitor includes signal conditioning means in 
the form of a motion signal amplifier having an 
amplification factor selectable by an applied 

25 configuration control signal, and a highpass filter 
circuit having a threshold selectable by another 
applied configuration signal below which motion sensor 
signals are greatly attenuated. This is advantageous 
in that it allows observations to be made of a subject 

30 both during a high activity period, when a relatively 
high amplitude high frquency signal is produced by the 
sensor, and during a low activity period, such as 
during the night, when the subject is typically 
producing a relatively low amplitude and low frequency 

35 signal. 

To eliminate DC drift in the motion signal 
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amplifier the signal processing means preferably 
include a drift compensation circuit which compares 
the dc level of the amplified motion signal developed 
by the amplifier with a fixed dc reference voltage to 
5 develop a drift corrected voltage at the motion 

detector which nulls out any drift. 

To eliminate artifacts present in the sensor 
output signal , such as those caused by the natural 
resonance of the motion sensor, and to obtain in 
10 conjunction with the highpass filter a desired 

frequency spectrum for analysis and quantification, 
the activity monitor includes a low pass filter 
circuit having a threshold frequency selectable by 
applied configuration signals. 
15 The activity monitor further includes an 

analog-to- digital converter which samples the analog 
signal developed by the motion sensor, after 
processing by the amplifier, high-pass filter and 
low-pass filter, and passes the resultant digital 
20 values to internal memory means in the monitor for 
storage and later retrieval. 

The activity monitor also includes a window 
detector which compares the voltage level of the 
processed motion signal to upper and lower voltage 
25 thresholds selectable by an applied configuration 

signal, and provides an activity count each time the 
signal voltage level crosses the thresholds. 
Preferably, the signal voltage level is compared to 
both a high threshold voltage level and a low 
30 threshold voltage level which are symmetrically 

positioned opposite the regulated reference voltage. 
Preferably, the amount by which the upper and lower 
thresholds differ exceeds the amount of noise which 
the system normally generates so that counts generated 
35 by the detector are caused by variations in the motion 
detector output signal and not by monitor noise. 
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The activity monitor further includes a 
temporary internal memory for recording the activity 
counts generated by the activity detector over a 
selectable observation period, or epoch. At the end 

5 of the epoch, the total number of events occurring 

during the epoch is stored, and the temporary memory 
is erased for use during the next epoch. 
Advantageously, the epoch time period is selected 
according to the type of activity to which the 

10 observation is directed. For example, because a 
subject engages in generally less movement while 
asleep, the epoch used during such an observation 
period can be generally of greater duration than that, 
for example, used when a subject is monitored while 

15 awake. A selectable epoch period avoids the memory 
saturation problem that prior monitors had in 
collecting data for periods of time inappropriate to a 
particular type of movement. 

The activity monitor also includes an 

20 internal micro-processor having resident software by 

which the configuration of the various circuits of the 
monitor are controlled. The microprocessor is 
preferably capable of powering up and shutting down 
the processing circuits at selected times to conserve 

25 battery power. 

The microprocessor has associated with it 
memory in which software to control the monitor 
components is resident and in which data obtained from 
the operation of the monitor is stored. Specifically, 

30 the memory includes a read-only memory (ROM) which 
contains instructions to operate the monitor. 
Preferably, the ROM includes an operating system by 
which the monitor's signal processing components can 
be initially configured so that, for example, certain 

35 aspects of a subject's movement can be initially 

observed, from which the monitor's signal processing 
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components can be reconfigured so that other aspects 
of a sub ject's movement can be observed, and by which 
the data that is collected is stored. 

Advantageously, to provide an activity 
5 monitor which is fully adaptable and which can be 

altered to collect data regarding activity patterns 
not initially envisioned, the monitor memory includes 
a random-access memory (RAM) for storing instructions, 
for example, different from those stored in the ROM. 
10 Advantageously, the monitor can operate off either, or 
a combination of those instructions stored in the ROM 
or in the RAM. 

Communication between the activity monitor 
and, for example, a personal computer, with which the 
15 data obtained by the monitor be stored, evaluated, and 
further processed, and from which new instructions to 
be stored in the monitor RAM can be prepared, is 
facilitated by an interface unit providing electrical 
connections between the monitor and the computer. To 
20 this end, the interface unit preferably includes a 

receptacle for receiving the monitor, and the monitor 
is provided with an electrical connector on the 
surface of its housing which engages a complementary 
connector in the receptacle. 
25 Brief Description of the Drawings 

The features of the present invention which 
are believed to be novel are set forth with 
particularity in the appended claims. The invention, 
together with the further objects and advantages 
30 thereof, may best be understood by reference to the 
following description taken in conjunction with the 
accompanying drawings, in the several figures of which 
like reference numerals identify like elements, and in 
which: 

35 Figure 1 is a perspective view of a 

wrist-mounted activity monitor constructed in 
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accordance with the invention as worn on the wrist of 
a subject. 

Figure 2 is an activity monitoring system 
including a computer, interface and wrist-mounted 
5 activity monitor constructed in accordance with the 

invention. 

Figure 3 is an enlarged perspective view of 
a portion of the interface unit shown in Figure 2 
showing the positioning of the wrist-mounted activity 
10 monitor therein. 

Figure 4 is a functional block diagram 
showing the principal components of the activity 
monitoring system of Figure 2. 

Figure 5 is an enlarged plan view of the 
15 control panel of the wrist-mounted activity monitor of 
Figures 1-3. 

Figure 6 is an exploded perspective view of 
the wrist-mounted activity monitor showing certain 
principal components thereof. 
20 Figure 7 is an enlarged perspective view of 

the piezoelectric bimorph beam motion detector 
utilized in the activity monitor of Figures 1-3. 

Figure 8 is a functional block diagram 
showing the principal components and circuits of the 
25 activity monitor of Figures 1-3. 

Figure 9 is a simplified schematic diagram 
of the activity monitor described in Figure 8. 

Figure 10 is an illustrative plot of the 
frequency spectrum of five different activities of the 
30 human body. 

Figure 1 1 is a simplified depiction of the 
frequency spectrum and signal characteristics of five 
specific activities of the human body. 

Figure 12 is a simplified schematic diagram 
35 and plot illustrating the characteristics of the 
piezoelectric bimorph beam sensor utilized in the 
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activity monitor of the invention. 

Figure 13 is a graphical depiction of 
certain voltage relationships associated with the 
window detector utilized in the activity monitor of 
5 the invention. 

Figure 14 is a graphical depiction of 
certain bandpass characteristics associated with the 
high-pass filter utilized in the activity monitor 
shown in Figures 8 and 9. 
10 Figure 15 is a depiction of a sinusoidal 

waveform illustrating certain parameters thereof. 

Figure 16 is a depiction of a repetitive 
waveform showing certain zero-crossing parameters 
thereof. 

15 Figure 17 is a three-dimensional depiction 

of certain axes useful in analyzing activity of the 
human body. 

Figure 18 is a 3-dimensional depiction of 
certain activities of the human body viewed along the 

20 axes of Figure 14. 
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feedback and may be accompanied by a 
be ep. The left pushbutton switch- 22 may be P«^** 
with two raised dimples, may be another "^'^J* 
g reen, and may cause two audible beeps when actuated. 
5 Referring to Figure 6, the housing 12 of 

activity monitor ,0 is seen to include . si* ^panel 24 
on which electrical connector ,8 is „. 
engaging the electrical connector 17 of «" P ^c 
The other side of housing 12 includes a sliding tray 
,„ assembly 2S within which a coin-type ^ " 
is mounted for insertion into housing 12. within 
housing 12 a first circuit board 27 and a second 
para lei-Paced circuit board 28 provide mounting and 
connection means for a major portion of the 
15 of the monitor, and also provide mounting means for 
nation sensing means in the form of a cantilever 
piezoelectric bimorph beam motion sensor 30. 

Referring to Figure 7, motion sensor 30 is 
seen to comprise a bimorph beam 31 fixedly P°»^ 
relative to circuit board 27 at one end by a metallic 
relative c ^ 33 . Th e compression 

clamp 32 and compression contact JJ. 
contact 33 forces one face of beam 31 against damp 
" completing one electrical connection to the beam 
through a conductor 34. The other electrical 
connection to beam 31 is established trough 
compression contact 33. which bears against the other 
f ace of the beam and a metallic pad 35 on —cult 
board 27 to which a conductor 36 is connected. Thus, 

' ,. • .i.of.^ically connected on opposite 
the bimorph beam is electrically con 

faces to the circuitry of the monitor by mounting 
„eans which fixedly position the connected end 

- ... ^.rl 27 The distal end of beam 
relative to circuit board 27. Tne , m „ t 
3, may be fitted with a proof mass 37 to impart 
desired electro-mechanical characteristics to the 
bimorph beam assembly 30. This method 
connections to the bimorph beam has the advantage of 
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a voiding solder connections to the beam, and their 
attendant cracking or deterioration with time. 

Referring to Figure 8, within activity- 
monitor 10 the bimorph beam assembly 30 is 
5 incorporated in a sensor circuit 40, Within this 

circuit the motion signal v developed by the bimorph 
beam is added to a voltage V g provided by a drift 
correction circuit 41 . 

Since the motion signal v generated by the 
1 0 beam contains harmonics at the beam resonant 

frequency, has relatively poor low frequency response 
and is of low amplitude, it is necessary that the 
motion signal be conditioned prior to analysis and 
storage. To this end, the resulting sensor output 
15 signal V+V g is applied to a conditioning circuit 42 
comprising a configurable threshold high pass filter 
and configurable gain signal amplifier. Within 
conditioning circuit 42 the signal is AC and DC 
amplified, typically by AC factors of from 5-25 and a 
20 DC factor of 75-375, to provide a signal of sufficient 
amplitude that even visually imperceptible movements 
can be recognized and quantified without corruption 
due to DC drift. Undesired low frequency components 
resulting from other than body activity to be 
25 monitored, which are typically below 0.16 hertz, are 

attenuated. Since virtually all movement of a subject 
produces signals having frequencies that are above . 1 6 
hertz, valid data is not affected. Low level signals, 
such as result from heart beats or blood flow, are 
30 both above .16 hertz and are amplified for subsequent 
processing. 

In accordance with one aspect of the 
invention, the low frequency threshold of the high 
pass filter amplifier 40 is configurable to either . 1 6 
35 hertz or 2 hertz to permit selective attenuation of 

low frequency signals associated with body activities 
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between .2 and 1 hertz. Sel ^ t '° iguratio n control 
threshold is accomplished over a ation 
lln . LCF which receives an ^"f^™^ 
signal from a processing and control ™' the 

. . w . _ . activity monitor. bimxi^ i 
contained within the «*ivity oontro lled by a 

gain of conditioning ™pl^«r 42 1 
configuration signal provided on a config 

control line- ^^^-E-SS-U- 

' signal tTe f ^^^L of 

amplifier from a high level, Qf 5 . As 

will be see: * to analyse very low 

5 reconfiguring the activ y asS0 ciated with 

level motion signals, such as those a 

SleeP ' The output of conditioning amplifier 42 

? 1* to a low pass amplifier 44 and to a 
(v 1+ V g ) is applxed to a I- p ^ 

, 0 dc drift C0 " eCtl0 t n 4 C ; r t ° e lt amplif ier output is compared 
correction cxrcuxt 45 the a*? prises a 

with a fixed reference vol * ag * r circuit ry, 

virtual ground for the amplxfxer and fx 

t ->,o r«^ift compensated signal V for 

25 rppirrn — «. - - r . - 0= 

output level of conditioning ^ > - 
continuously compared with - ^ nsQr ts variefl 

and the voltage applied to the mot 
to prevent any deviation between 

, 4.^^ reference voltage. 
3„ of the amplifier and ^ high gain 

conseguently. an « ift - elininate a. This 

conditioning amplifier circu amollfier to 

malt e S it possible for the conditioning ™£ ^ 
operate at the high gains required for su 
35 level body activity «-t*--^ „ is 

The output of conditioning w 
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applied to a low pass filter 44 wherein high frequency 
components of the signal, such as produced by the 
natural resonance of the bimorph beam sensor, are 
attenuated. Low pass filter 44, in accordance with 
5 one aspect of the invention, can be configured by 

configuration signals applied on configuration control 
lines 30D, 40D and HCF by processor circuit 43 to 
obtain three different high frequency cutoff 
frequencies. In a preferred embodiment of the 
10 invention, filter 44 is configurable for thresholds of 
1 , 3 or 9 hertz . 

Since the high pass filter of conditioning 
amplifier 42 can be configured with a threshold of 
either .2 or 2 hertz, and filter 44 can be configured 
15 with a threshold of either 1, 3 or 9 hertz, the 

monitor is advantageously able to collect information 
within a selected one of five distinct frequency 
ranges: .16 to 1 hertz; .16 to 3 hertz; .16 to. 9 
hertz; 2 to 3 hertz; and 2 to 9 hertz. This is 
20 illustrated in Figure 10. As previously stated, and 
as illustrated in Figure 1 1 , the motion sensor when 
exposed to certain specific types of body movement 
produces signals which generally fall into these 
distinct ranges. Nighttime activity, such as sleep, 
25 produces a signal between .2 and 3 hertz. Breathing 

produces a signal between .2 and 1 hertz. Heart beats 
produce a signal between 2 and 3 hertz. Tremor 
activity produces a signal between 2 and 9 hertz. 
Accordingly, by configuring filters 42 and 44 to pass 
30 signals above a selected threshold and below another 
selected threshold, the activity monitor 10 can be 
configured in accordance with the invention to collect 
data only for certain specific types of activities of 
a subject. 

35 The output of low pass filter 44, designated 

ANO, is applied to an analog-to-digital sampling 
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converter 45 within processor 43. This circuit 
samples the analog ANO signal at a predetermined rate, 
for example, 10 samples per second, for application to 
an analog-to-digital (A/D) converter 47 within the 
sampling circuit. The signals are also applied to a 
comparator 46, wherein their voltage level is compared 
with one or more selected reference signals 
appropriate to the measurement being made. In 
particular, the reference signal may comprise either a 
low level reference for recognizing excessively low 
activity signals, such as might occur with negative 
saturation of the conditioning amplifier, a high level 
reference signal for recognizing excessively high 
activity signals, such as might occur with positive 
15 saturation of the conditioning amplifier, a reference 
signal proportional to repetition rate, as determined 
by the control unit, or an auxiliary signal provided 
by the monitor operating system for special 
measurement purposes. The output of comparator 46 
20 inhibits operation of A/D converter 47 to prevent 
invalid data from being processed and stored, and 
signals the operating system of the invalidity. Valid 
data samples are converted by A/D converter 47 to 
digital signals with, for example, twenty levels of 
25 quantification, for storage and/or processing within 
processor circuit 43. Within processor 43 the 
digitized data signals may be transferred over a data 
bus 62 to conventional memory means, such as a RAM 48 
for storage. With an exemplary sample rate of 10 byte 
30 samples per second, approximately 1 hour of data can 
be stored in a 32K byte memory. 

Because direct digital recording of the data 
digitized by A/D converter 47 is generally memory 
intensive, the data is typically processed by a 
35 microprocessor 50 within processor 43 to obtain 

certain resultants from the data, which resultants are 
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stored in RAM 48 in place of the data. The data 
processing, which typically takes place when the 
activity monitor is not collecting data, may include 
the computation of the average varience of the 
5 collected digital data for each epoch in which data 

was collected. Highest values and lowest values of 
the data for each of the epochs can also be 
calculated. After storage of the resultants, the data 
from which the resultants were obtained is erased from 
10 RAM 48. By retaining only the statistical resultants, 
the memory is unburdened and available to receive 
additional data for processing. 

To determine whether information may have 
been lost during the processing, the processing may 
15 include a review of the high and low variance values. 

If these values exceed certain thresholds, the user is 
cautioned that that the number of epochs may be too 
large or too small. 

The analog output signal ANO from low pass 
20 filter 44 is also applied to a window detector 51, 
which provides an output signal ACT when the input 
signal crosses predetermined maximum and minimum 
thresholds. The thesholds in the preferred embodiment 
include a high threshold voltage V H and a low 
25 threshold voltage V L which are symmetrically centered 
about the virtual ground reference voltage V g 0 - 
Preferably, the absolute voltage difference between 
the two threshold voltages is greater than the 
amplitude of the noise ordinarily produced within the 
30 monitor so that only valid motion signals are 
recognized by the detector. 

In accordance with another aspect of the 
invention, the upper and lower threshold can be 
reconfigured to accommodate specific processing 
35 requirements. In particular, the threshold voltages, 
which are supplied by a power supply circuit 52, can 
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be selected to one of two discrete levels by a 
configuration signal conveyed from processor 43 to 
power supply 52 on a control line THR. The control 
signal is generated within processor 43 by latched 

5 binary output circuits 53. The output signal ACT is 

supplied through sampling circuit 45 to RAM 48, 
indicating that a crossing has occurred. 

Microprocessor 50 in conjunction with a 
clock 54 calculates and records in RAM 48 the number 

10 of counts passed by detector 51 for the epoch in use, 
which may be specified by the user. For example, with 
the use of a ten second epoch, a five hertz motion 
signal will produce a total of one hundred counts. 
Threshold crossing data allows the frequency of the 

15 motion signal to be reconstructed. 

Processor 43 preferably includes a timer 
circuit 55 which measures the amount of time the 
signal remains above or below the selected 
threshholds. The timing is begun when a count is 

20 received from detector 51 indicating that the signal 
has crossed the threshold and stops when a count is 
received indicating that the signal has crossed the 
threshold again. The total amount of time above or 
below the threshold for the given epoch may be 

25 recorded in memory 48. 

The threshold crossing data and time across 
threshold data advantageously allows the analog 
waveform to be reconstructed. For example, by 
dividing the threshold crossing data by 2 one obtains 

30 the frequency of the signal. The amplitude of the 

signal produced by subject movement can be accurately 
estimated by further processing of threshold crossing 
data and time across threshold data according to the 
following equation: 

35 Y=Y Q SEC | 

where Y is equal to signal amplitude, Y Q is equal to 
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threshold amplitude/ T is equal to time above 
threshold and E is equal to epoch. The processing of 
the data to obtain the signal amplitude is performed 
by microprocessor 80 and stored in memory 48, 

5 As stated above, the various components of 

activity monitor 10 are configurable to shape the 
signal produced by the sensor, to vary the sensitivity 
of the monitor, and to alter the data collected by and 
recorded in the memory 48. To this end, the monitor 

10 includes configuration control lines 56 by which the 
components can be configured. In one successful 
embodiment of the invention, the control lines 56 
connect to solid state analog switch devices that can 
be switched by an applied logic-level control signal. 

15 Activity monitor 10 includes eight of such switch 
devices . 

One of the configuration control lines, 
designated GAN, switches the amplif ication of the 
motion signal by conditioning amplifier 42 from a low 
20 state to a high state. A second configuration control 
line, designated HCF, switches filter 44 to cut off 
aspects of the signal above 9 hertz. Used in 
combination with the 30D control line and 40D control 
line, three high cutoff frequencies - at 1 , 3 and 9 
25 hertz - are realizable. A third configuration control 
line, designated LCF, switches conditioning 
amplifier-filter 42 to pass a signal having 
frequencies only above 2 hertz instead of above .16 
hertz. A fourth configuration control line, 
30 designated THR, switches the high and low thresholds 
of window detector 51 . A fifth configuration control 
line designated 30D, switches the decibel per octave 
rolloff of filter 44 to 30 for the 1 hertz cutoff. A 
sixth configuration control line, designated 40D, 
35 switches the decibel per octave rolloff of filter 40 
to 40 for the 3 or 9 hertz cutoff. A seventh 
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configuration control line, designated SWP, switches 
power on and off to the various circuits of monitor 
10.. The SWP control can be managed by clock 54 so 
that power is provided to the components only during 

5 predesignated time periods. 

Processor 43, which may be conventional in 
construction and operation, includes the RAM 48 which 
has a storage capacity sufficient to, for example, 
store signal data, operating instructions, and other 

10 programs by which the monitor is operated. 

Preferably, control unit 43 also includes a ROM 57 
wherein an operating system is stored by which the 
monitor is controlled. In accordance with one aspect 
of the invention, the RAM can accept programs which 

15 will control the monitor according to modes different 
from those modes stored in the ROM. In these 
instances, microprocessor 50 executes the instructions 
stored in the ROM and/or RAM by retrieving data and/or 
indications from the RAM or ROM, processing data, and 

20 returning data to the RAM of I/O ports in a manner 
well known to the art. 

The processing and control circuit 43 
includes a conventional input/output (I/O) circuit 58 
for receiving inputs from user-actuated switches 22 

25 and 23, and a tone generator 59 and transducer 60 for 
providing audio feedback to the user. A conventional 
PC I/O circuit 61 is provided to link the control 
circuits to the host computer through connector 18. 

The various circuits contained within 

30 monitor control circuit 43 are linked by the 

bidirectional data bus 62. It will be appreciated 
that while the various control circuits are shown as 
separate circuits, one or more of the circuits may in 
fact be combined and contained within a single 

35 microchip, apart from or together with microprocessor 
50. Furthermore, whether separate or combined, the 
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circuits and microprocessor operate under control of 
software resident in RAM 48 or ROM 57 in a manner well 
known to the art. 

Operating power for the monitor is obtained 
5 from a conventional coin cell 58/ such ajs, for 

example, a 2.7 volt 150 ma-hr lithium cell. To 
prevent an insufficient voltage condition from 
occurring during periods of large power drain, such as 
when microprocessor 50 is writing into memory 48, 
10 which might cause spurious data to be stored, power 
supply 52 is preferably voltage regulated. 

The activity monitor can be initialized to 
operate in one of three operating modes. In mode one, 
termed emulation mode, the monitor collects data only 
15 for the amount of time the motion signal is above a 
predetermined threshold. This pattern emulates a 
prior monitor. In mode two, termed "fixed 
initialization", once the monitor is initialized and 
disconnected from its computer, the monitor operates 
20 to collect certain types of data. In mode three, 

termed "floating initialization", a number of control 
operations are stored in RAM 48. The monitor 
initially operates according to a first set of 
instructions. At a predesignated point in time, for 
25 example, once every 24 hours, the monitor retrieves 
new instructions and the monitor circuits are 
reconfigured to operate to collect data according to a 
new set of instructions. Data obtained according to 
each set of instructions is stored sequentially. To 
30 identify the transition from one set of instructions 
to another, a marker is entered on a time line in the 
data channel of the monitor. 

In the fixed initialization mode, the user 
designates the configuration of the monitor circuitry 
35 to be used in collecting data. To facilitate this 
selection, the various possible configuration 
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variables are grouped and assigned individual numbers 
An advantageous set of configuration variable 
groupings is provided in Table 1 below. 

Table 1 
Configuration Groupings 





Grouping 


Bandpass 


High/Low 
Gain 


High/Low 
Sensitivity 




1 


.1 


- 


1 


hz 


High Gain 


High Sensitivity 




2 


.1 


- 


1 


hz 


High Gain 


Low Sensitivity 


10 


3 


.1 


- 


1 


hz 


Low Gain 


High Sensitivity 




4 


.1 


- 


1 


hz 


Low Gain 


Low Sensitivity 




5 


.1 


- 


3 


hz 


High Gain 


High Sensitivity 




6 


.1 


- 


3 


hz 


High Gain 


Low Sensitivity 




7 






3 


hz 


Low Gain 


High Sensitivity 


1 5 


8 






3 


hz 


Low Gain 


Low Sensitivity 




9 






9 


hz 


High Gain 


High Sensitivity 




10 






9 


hz 


High Gain 


Low Sensitivity 




11 






9 


hz 


Low Gain 


High Sensitivity 




12 






9 


hz 


Low Gain 


Low Sensitivity 


20 


13 


2 




3 


hz 


Low Gain 


High Sensitivity 




14 


2 




3 


hz 


Low Gain 


Low Sensitivity 




15 


2 




9 


hz 


Low Gain 


High Sensitivity 




16 


2 




9 


hz 


Low Gain 


Low Sensitivity 




17 


2 




3 


hz 


High Gain 


High Sensitivity 


25 


18 


2 




3 


hz 


High Gain 


Low Sensitivity 




19 


2 




9 


hz 


High Gain 


High Sensitivity 




20 


2 




9 


hz 


High Gain 


Low Sensitivity 



In the fixed initialization mode, the user 
may assign definitions, or "event variables" to user 
30 input switches 22 and 23, For example , operation of 
the switches may cause one or more markers to appear 
in the data recorded in RAM 48 depending on the 
meaning assigned to them. 

In the fixed initialization mode, the user 
35 may also choose the type of data which is to be 
recorded* These variables are termed "data 
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variables" . The types of data that may be selectively 
recorded are outlined in Table 2 below: 

Table 2 
Data Recorded 
5 Pes ignat ion Type of Data 

ZCA Crossing above threshold (in counts) 

ZCB Crossing below threshold (in counts) 

ZAB Crossing above and below threshold (in 

counts ) 

10 TCA Time above threshold (in time) 

TCB Time below threshold (in time) 

TAB Time above and below threshold (in 

time) 

AAD Recording of waveform directly by 

15 digital conversion 

In the floating initialization mode, the 
user can choose, for example, to configure the monitor 
to provide and record information according to one set 
20 of instructions, and then at a designated point in 
time established by clock 54 provide and record 
information according to another set of instructions, 
without having to reconnect the monitor, via the 
interface unit, to the host computer. The floating 
25 initialization mode provides two options to the user: 
"fixed floating" and "floating floating". 

In the "fixed floating" option mode, the 
user can establish a schedule by which configuration 
variables, event variables, and data variables are 
30 changed. With this option, changes to the variables 
may be scheduled often, but to provide the collection 
of meaningful comparable data, preferably no more 
often than once every other epoch. 

In the "floating floating" option mode, the 
35 variables are changed according to the nature of the 

data that has been collected, rather than according to 
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a strict schedule. Accordingly, for example, if a 
certain choice of configuration variables leads to the 
saturation of the memory, the variable can be changed 
automatically to avoid saturation. The instructions 

5 by which these variables will be changed are contained 

in a program stored in RAM 48. 

Referring to the simplified schematic 
diagram shown in Figure 9, the various stages of 
monitor 1 0 are shown implemented using conventional 

10 electronic components and techniques. As illustrated 
in Figure 12, the bimorph beam motion sensor is a true 
bipolar device which produces an oscillatory voltage 
(typically + 1 volt for full deflection) in response 
to an oscillatory force and does not respond to a 

15 continuous force. The bimorph series capacitor 

greatly attenuates the low frequency output of the 
sensor. 

The attenuating voltage produced by the 
piezoelectric bimorph beam transducer 30 plus the 

20 offset voltage V g is applied to the non-inverting 
input of a first differential amplifier 70 within 
conditioning amplifier 42. The inverting input is 
connected to a virtual ground bus 71 by a resistor 72, 
and resistor 73 and capacitor 74 connected between the 

25 output of the differential amplifier and the inverting 
input provide feedback to stabilize the 
amplifier. 

The output of differential amplifier 70 is 
applied to a second differential amplifier 75 through 

30 a highpass filter network comprising capacitors 76 and 
77 and a resistor 78 and 79. An analog switch device 
80 connected in parallel with capacitors 76 and 77 
enables these devices to be selectively reconfigured 
relative to the input of amplifier 75. When switch 

35 device 80 is closed, the capacitors and associated 
components provide a lower cutoff frequency to the 
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applied signal, typically in the order of .16 hertz, 
and when the switch is open, provide a higher cutoff 
of approximately 2 hertz. 

The operation of analog switch device 80 is 
5 controlled by a logic signal applied on configuration 

control line LCF, which comprises one of the control 
lines 56 selectively utilized by processor circuits 
43. 

The inverting input of the second 
10 differential amplifier 75 includes a feedback network 
comprising resistors 81, 82 and 83, which control the 
gain of the amplifier. An analog switch device 84 
connected across resistor 83 allows this network, and 
hence the gain of amplifier 75, to be changed. Switch 
15 device 84 is actuated by a signal on the GAN 

configuration control line provided by processing 
circuit 43. 

Resistor 78 and capacitors 76 and 77 
together with differential amplifier 75 form a 
20 highpass filter having a threshold dependent on the 
status of analog switch device 80. In practice, 
switch device 80 is selectively rendered conductive or 
non-conductive by configuration control signals on the 
LCF configuration control line by processor circuit 43 
25 to achieve a desired frequency and gain characteristic 
in the motion signal conditioning circuit. The result 
of the two gain configurations, coupled with the two 
cutoff frequency configurations, is shown in Figure 
14. 

30 In practice, it has been found that 

selecting the filter components to contain three 
negative highly damped roots providing a Butterworth 
response, with a relative sharp rise to the 3db point, 
provides a maximally flat passband and minimum signal 

35 distortion. 

The output of amplifier 75, which may 
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contain a DC drift component resulting from input 
offset and bias current errors in that amplifier and 
in amplifier 70 (which together may have a gain as 
high as 400 ), is applied to a drift correction 

5 amplifier 45. There, the voltage is compared with an 

absolute reference voltage V gQ applied to the other 
non-inverting input of the amplifier. The resulting 
signal V is applied to the bimorphous beam transducer 
30 in motion sensing circuit 40. A feedback circuit 

10 comprising a resistor 86 and a pair of capacitors 87 
and 88 is provided between the output of amplifier 85 
and the inverting input to introduce a time constant 
to prevent the motion signal from also being nulled. 
So that the response of the amplifier will be slower 

15 when amplifier 75 is operating at higher gain levels 
an analog switch device 90 is provided in series with 
capacitor 88. This switch device is controlled by the 
GAN configuration control line such that the capacitor 
is switched into the circuit under higher gain 

20 conditions for amplifier 75. 

The two amplifiers associated with low pass 
filter 44 are not included in the nulling loop since 
these are operated in a voltage follower mode and 
would therefore contribute only their input offset 

25 voltage error to the amplifier motion signal. 

As shown in Figure 13, the overall dc error 
must be kept small for proper operation of window 
detector 51. Any appreciable dc drift results in a 
zero crossing of one of the thresholds or a loss of 

30 detection symmetry. 

The conditioned output signal developed by 
conditioning circuit 42 is applied to a first lowpass 
filter network comprising resistors 91 , 92 and 93 and 
capacitors 94, 95, and 96, and to a second highpass 

35 filter network comprising resistors 97 and 98 and 

capacitors 99 and 100. The two networks are connected 
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by respective ones of two analog switch devices 101 
and 102 to the non- inverting input of a first 
differential amplifier 103 within highpass filter 
circuit 44. 

5 With this arrangement, depending on the 

status of analog switch devices 101 and 102, either 
the first or second filter network is coupled to the 
non-inverting input of differential amplifier 103. 
The selection is made by configuration signals applied 
10 to the switch devices on configuration control lines 
30D and 40D under the direction of processing circuit 
43. A further adjustment to the second filter network 
is provided by an analog switch device 104 which 
connects a fixed resistor 105 in parallel with 
15 resistor 98 to change the operating characteristic of 
the network. Analog switch device 104 is controlled 
by configuration control line HCF under the direction 
of logic-level configuration signals generated in the 
processing circuit 43. 
20 The output of differential amplifier 103 is 

connected through a pair of serially-connected 
resistors 106 and 107 to the non-inverting input of a 
second differential amplifier 108 in lowpass filter 
circuit 44. Resistors 106 and 107 form, together with 
25 a capacitor 109 and 110 connected between the juncture 
of the two resistors and the output of amplifier 108, 
an additional lowpass filter network. Amplifiers 103 
and 108 operate at unity gain, their outputs being 
connected directly to their inverting inputs. The 
30 cutoff frequency of the third network formed by 

resistors 106 and 107 and capacitor 109 and 110 can be 
selectively changed by means of a resistor 111 and an 
analog switch device 112 connected across resistor 
107. Switch devices 112 and 104 operate together in 
35 response to logic-level configuration signals on 
configuration control line HCF to vary the cutoff 
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frequency of lowpass filter circuit 44. The two 
filter networks of low pass filter 44 are each four 
pole Butterworth networks. 

The output of lowpass filter circuit 44 is 

5 connected through a resistor 113 to a window detector 

comprising differential amplifiers 114 and 115. This 
signal is applied concurrently to the non-inverting 
inputs of these devices, and a high threshold 
reference voltage is applied to the inverting input of 

10 amplifier 114, and a low threshold reference signal is 
applied to the inverting input of amplifier 115. The 
outputs of the amplifiers are connected together by 
resistors 116 and 117 such that an output is produced 
upon each zero crossing of the thresholds established 

15 by the two reference voltages. 

The reference voltages are obtained in a 
power supply circuit 52 by means of a voltage divider 
comprising resistors 120, 121 and 122 connected 
between line SWP, which comprises a switched power 

20 source within the processor and control circuit 43 , 
and case ground. An analog switch device 123 and 
capacitor 124 selectively change the center resistance 
in the voltage divider such that the voltage level of 
the high threshold is reduced and the voltage level of 

25 the low threshold is increased. This results in a 

smaller window for the detector and is under control 
of logic-level configuration signals applied to the 
THR configuration control line by the processoring and 
control circuit 43. 

30 The voltage divider comprising resistors 

120-122 also provides the reference voltage V gQ 
through a voltage follower amplifier 125. The 
reference voltage V gQ thus developed is also utilized 
as a virtual ground in filter circuits 42 and 44. 

35 Potentiometer 121 permits fine adjustment of the 

virtual ground voltage V n to obtain a zero offset 
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error at detector 51 • 

As previously discussed, as a result of the 
six control lines GAN, LCF, 30D, 40D, HCF and THR the 
activity monitor can be configured to collect and 

5 analyze data specific to selected conditions. To this 

end, the latch binary output circuits 53 produce 
binary logic-level configuration signals (which may be 
designated logic 1 or logic 0) on configuration 
control lines 56 for application to the various analog 

10 switches contained in the circuitry of the actigraph. 
For the twenty possible test conditions (option 
numbers 1-20) configuration signals are generated as 
indicated below in Table 3: 



Table 3 



15 


OPT 


















NO. 


HCF 


SWP HRN LCF 


THR 


GAN 


30D 


40D BANDPASS 




1 


1 




1 


1 


1 


0 


0.1-1hz HG LT 




2 


1 




0 


1 


1 


0 


0.1-1hz HG HT 




3 


1 




1 


0 


1 


0 


0.1 -1hz LG LT 


20 


4 


1 




0 


0 


1 


0 


0.1 -1hz LG HT 




5 


0 




1 


1 


0 


1 


0.1 -3hz HG LT 




6 


0 




0 


1 


0 


1 


0.1 -3Hz HG HT 




7 


0 




1 


0 


0 


1 


0.1 -3hz LG LT 




8 


0 




0 


0 


0 


1 


0.1 -3hz LG HT 


25 


9 


1 




1 


1 


0 


1 


0.1 -9hz HG LT 




10 


1 




0 


1 


0 


1 


0.1 -9hz HG HT 




11 


1 




1 


0 


0 


1 


0.1 -9hz LG LT 




12 


1 




0 


0 


0 


1 


0.1 -9hz LG HT 




13 


0 


1 1 0 


1 


0 


0 


1 


2 - 3hz LG LT 


30 


14 


0 


1 1 0 


0 


0 


0 


1 


2 - 3hz LG HT 




15 


1 


1 1 0 


1 


0 


0 


1 


2 - 9hz LG LT 




16 


1 


1 1 0 


0 


0 


0 


1 


2 - 9hz LG HT 




17 


0 


1 1 0 


1 


1 


0 


1 


2 - 3hz HG LT 




18 


0 


1 1 0 


0 


1 


0 


1 


2 - 3hz HG HT 


35 


19 


1 


1 1 0 


1 


1 


0 


1 


2 - 9hz HG LT 




20 


1 


1 1 0 


0 


1 


0 


1 


2 - 9hz HG HT 
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In operation, the activity monitor of the 
invention, by reason of its ability to analyze 
selected types of data in response to internally and 
externally provided programming instructions is 

5 extremely useful in analyzing human activity. 

Although human emotion is complex, it has been 
determined that movement of the non-dominant wrist 
tends to correlate with body activity, muscle movement 
and brain activity. Thus, properly analyzed, wrist 

10 motion can be used to infer many useful facts about 
human activity. 

It has been determined that virtually all 
human motion can be captured in a frequency band from 
approximately .15 hertz to 8 hertz. Furthermore, it 

15 has been determined that uniaxial sensing is adequate 
for sensing human motion because human motion is not 
polarized. It is possible to find different power 
spectrums for humans suffering from disorders that 
manifest themselves as behavior modification. For 

20 example, individuals having neurological disorders, 

such as Parkinson f s disease, can produce an inversion 
of the normal spectrum producing peaks beyond 3 hertz . 
From an analysis of many data collections it has been 
determined that certain normal and abnormal human 

25 activity can be found within certain defined frequency 
bands , as shown in Figure 1 1 . 

The dynamic range of human motion is large, 
typically in the order of 1000 to 1. For this reason 
it is critical that the gain of any amplifier used to 

30 sense analog motion be appropriately scaled. In the 

activity monitor of the present invention, the scaling 
is accomplished automatically by the monitor processor 
circuit 43. This ability is particularly useful where 
human activity is observed both during the day, when 

35 activity is greater, and at night, when activity 
usually decreases dramatically during sleep. The 
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ability to schedule changes in gain according to the 
time of day allows the activity monitor of the present 
invention to optimize signal resolution and avoid 
signal saturation. This is also true of the ability 
5 to switch frequency bands. 

No single unit of measurement exists for 
body activity. Early activity monitors used Mercury 
switches to detect motion. These were position 
sensors as well as motion sensors. The data from 
10 these early devices was related to frequency of motion 
but not to amplitude. The early devices were based on 
the theory that activity could be equated to the 
frequency of occurrence. The more often the subject 
moved , the greater his activity. 
15 A later activity monitor, such as the Model 

AM-16 manufactured by Precision Control Design, Inc. 
utilized linear sensing and analog filtering to shape 
the input activity signal and filter out artifacts. 
This device utilized a piezoelectric bimorph beam 
20 fitted with an offset proof mass. The use of a 
lowpass filter eliminated the natural resonant 
frequency of the bimorphous beam and allowed only 
signal frequencies within the body's capability to be 
passed on to the detector. 
25 The Model AM-16 offered analysis of the 

motion signal utilizing a zero crossing detector to 
provide counts of threshold crossing. 

The zero crossing detector is a threshold 
detector. When the activity signal exceeds a 
30 predetermined threshold a count is produced. A 

microprocessor counts each transition that occurs 
within an epoch, or measurement period. For example, 
a 5 hertz signal at an amplitude of 15 millivolts 
produces 10 crossings so that if the epoch is 10 
35 seconds the total counts per epoch is 10. The process 
is repeated until the entire memory is filled with 
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counts per epoch data chronologically organized. Zero 
crossing detection ignores amplitude. 

Time above threshold is closely related to 
signal amplitude. Zero crossing and time above 

5 threshold are both threshold techniques but produce 

independent data sets. Either can be derived from the 
other. For a sinusoidal waveform the amplitude of the 
waveform can be uniquely derived by knowing how long 
the wave stays above a threshold line. This is 

10 illustrated in Figure 15. 

Since actigraphy deals with many transitions 
in a given epoch the relationship between amplitude 
and time can be expanded to include more than one 
cycle as shown in Figure 16 where , it is seen that 

1 5 short epochs can produce a harmonic-like waveform 
containing data that is approximately sinusoidal. 
Summing time above threshold for a given epoch is the 
only data needed to estimate the amplitude of the 
actual waveform. 

20 Both time above threshold and signal 

amplitude are recorded by the activity monitor of the 
present invention. The two threshold modes when taken 
simultaneously provide both amplitude and frequency 
information about the signal. Zero crossing activity 

25 measured in counts per second divided by two is the 

frequency. Time above threshold activity data yields 
amplitude information. The two taken together allow a 
good reconstruction of the analog waveform from which 
each was derived. It is important to remember that 

30 this reconstruction can be accomplished from recorded 
data utilizing far less memory than if traditional 
analog-digital conversion were employed. 

The activity monitor of the present 
invention incorporates an analog-to-digital converter 

35 that enables the waveform to be recorded directly. 

This is memory intensive, requiring about 10 bytes of 
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memory per second. For an available memory of 32K 
only 53 minutes of data collection is possible. Since 
most applications for an activity monitor run for days 
or even weeks, this is not acceptable in many 
5 applications. Absent substantially larger memories 

and battery capacity, direct analog- to-digital 
conversion and storage is practical only for very 
limited applications. 

Since human motion is highly variable 
10 throughout the day and from day to day, no single set 
of data collection parameters is sufficient to 
adequately cover the full range of human activity 
experienced by an activity monitor. To be useful in 
clinical applications, the activity monitor must be 
15 adaptable to dramatic changes in human activity over a 
typical 24 hour recording period. To enable the 
activity monitor of the invention to operate under 
these widely varying conditions, an operating system 
AOS is incorporated into activity monitor 1 0 as a base 
20 line program to enable the monitor to incorporate many 
different hardware and software configurations. 

The activity monitor of the invention can 
operate internally, externally or in a combination 
mode. In the internal mode the AOS program code 
25 operates the unit. In the external mode a program 
loaded into RAM 48 operates the unit. In a 
combination mode the activity monitor operates from 
both ROM and RAM. The microprocessor 50 of the 
activity monitor is directed by specific software 
30 algorithms, which may be provided by users to 

customize the operation of the unit for a specific 
purpose. Once installed, an external program can 
alter hardware, control initialization, determine data 
collection modes and invoke new operating rules based 
35 upon real time analysis of data being collected. A 
single activity monitor with appropriate RAM-loaded 
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algorithms can be used to study hyperactivity, 
tremors, sleep deficiencies, shift work, ergonomics, 
dementia, rheumetism, drug side effects, athletic 
exertion, jet lag, and virtually any form of human 
5 mobility. 

When human activity follows a predictable 
routine during a typical 24 hour monitoring period, 
apriori programming of the activity monitor can be 
employed to optimally configure the machine according 
10 to a scheduled protocol. However, in cases where 

abnormal sleep and neurological disorders follow no 
routine or predictable pattern, it is highly desirable 
that the activity monitor learn contemporaneously with 
data collection. The activity monitor of the present 
15 invention has this capability. 

Three mutually orthogonal parameters may be 
used to define regions in space which have clinical 
importance, as shown in Figure 17. Frequency, 
sensitivity and epoch have precise meanings: 
20 Frequency - refers to either the activity 

t monitor bandwidth or the spectral content of 
the input activity signal. It is related to 
zero crossing. 

Sensitivity - is a measure of the activity 
25 monitor's ability to detect motion. It is a 

function of voltage gain, comparator 
threshold and comparator hysteresis. 
Epoch - is a time interval over which data 
is collected and may be thought of as an 
30 averaging window. 

As previously developed, the ability to 
partition the human motion spectrum into frequency 
bands is important. Nighttime activity can be 
observed with good fidelity between .2 and 3 hertz, 
35 but tremor activity requires a bandwidth of 2 to 9 

hertz. Breathing can be found between .2 and 1 hertz 
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and heart beat between 2 and 3 hertz. It is possible, 
therefore, to partition the frequency axis into 
regions where specific types of motion can be observed 
independently of coexisting motion. 
5 However, frequency itself is not a 

sufficient criteria for separating and observing 
important activity. It is desirable to utilize 
sensitivity to further discriminate and isolate motion 
of interest. For example, if a particular study 
10 involves determining the total number of minutes of 
sleep, it is not desirable to record heart rate or 
breathing which can be detected over the standard 
sleep band of .2 to 3 hertz. By reducing amplifier 
gain and increasing the detection threshold, these two 
15 signals drop out, but bulk body and wrist motions do 
not. This is because the bulk motions create large 
amplitude signals easily detected by the detector 
circuitry. Similarly, daytime activity resides in the 
.2 to 3 hertz band but nighttime sensitivity is too 
20 high and will cause amplifier saturation and loss of 
higher energy daytime activity. Reduction of 
sensitivity overcomes this problem. 

Epoch is a time interval over which data is 
collected . Small epochs of 10 seconds provide a high 
25 resolution plot with much detail. Large epochs lose 
information and are not generally suitable for study 
of human activity. For example, if an epoch were set 
at 8 hours for a nighttime study all that would be 
learned is the total counts during sleep and of course 
30 average of counts per unit time. Nothing would be 

learned about total minutes of sleep nor sleep quality 
- important findings in sleep research. Nighttime 
epochs of 1 minute however provide good resolution and 
enable detection of sleep periods and non-sleep 
35 periods. Therefore, epoch may be thought of as an 
averaging window. If the window is too wide, 
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information will be lost as in any averaging scheme. 
If the window is too narrow, it may be difficult to 
detect long period activity although it is always 
possible to create wider epochs if smaller epochs are 
5 used during data collection, the limiting factors 
being memory, size and test duration. 

The activity monitor 10 of the present 
invention provides seven primary data output channels. 

10 Channel 1 . Zero crossing - Any time the 

analog motion signal exceeds or falls below 
the limits of a window comparator, a count 
is recorded. This output has four subsets: 

a. A single channel and only signal 
15 crossings above threshold. 

b. A single channel and only signals 
crossings below threshold. 

c. Dual channels of data, one for 
crossings above threshold and one for 

20 crossings below threshold. 

d. Crossings above and below threshold 
recorded as a single channel. 

Channel 2 . Time above threshold - Any time 
the analog motion signal exceeds or falls 

25 below the limits of a window comparator, the 

time it takes for the signal to arrive back 
within the window is recorded. There are 
four subsets identical to the zero crossing 
case above, namely, three types of single 

30 channel data and one dual channel data set. 

Time above threshold data is logged 
similarly to zero crossing except that total 
time per epoch is recorded instead of counts 
per epoch. It is also possible to record 

35 mixed data. 

In this mode two channel data is 
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recorded as previously described but one 
channel is zero crossing while the other is 
time above threshold* Amplitude data can 
also be recorded by using the seek and 

5 trans formation . 

Channel 3 . The analog signal is sampled, 
digitized and recorded. With a 32K byte RAM 
the instrument provides one hour of one byte 
data at a maximum cutoff of 5 hertz. 

10 Channel 4 . May provide AND or ACT to 

external devices or may accept external 
digital controls. 

Channel 5 . A saturation channel when data 
is collected in zero crossing or time above 
15 threshold modes. The raw analog output is 

compared with a saturation reference 
voltage. Any time the analog voltage 
exceeds or falls below this limit, the 
instrument disregards all data in the 
20 current epoch and inserts a dummy count 

recognizable by an external reader program. 
The saturation channel and activity data are 
presented as overlapping data. 
Channel 6 . Provided this option is 
25 selected, pressing the event button places 

a time marker in the event channel. The 
event channel, saturation channel and 
activity data are presented as overlapping 
data. 

30 As previously described, activity monitor 10 

can be initialized to run in one of three modes 
selected by the user: 

Option 1 - Emulation - In this mode the 
activity monitor collects only 16K of single channel 
35 data above a threshold. 

Option 2 - Fixed Initialization - In this 
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mode once the activity monitor is removed from the 
interface unit no changes to the operating parameters 
can occur, except for an AGC option wherein monitor 
gain is reduced or increased depending on the status 

5 of the saturation channel* 

Option 3 - Floating Initialization - An 
initial- ization protocol based on a 24 hour clock is 
programmed. At various times during the 24 hour 
period an interrupt occurs that momentarily shuts down 

10 data collection and causes the monitor to retrieve new 
initialization data and automatically restart. Data 
is stored sequentially. During the period of data 
collection cessation of one of the two event mark 
event channels will automatically place a marker on 

15 the event channel time line. This option also enables 
the monitor to use heuristically derived RAM loaded 
operational code. 

Initialization in the fixed initialization 
mode incorporates the basic parameters needed to 

20 operate the monitor plus much more. Of most 

importance are the configuration variables which 
define a specific configuration for the monitor. 
There are seven processor configuration control lines 
which switch between logic low and logic high. Six of 

25 these lines set up the monitor with proper bandwidth, 
sensitivity and gain. When start time is reached, the 
seventh control line, SWP, switches from low to high, 
thereby powering the analog circuitry of the monitor 
(the digital circuitry of the processor circuit is 

30 continuously powered). The six configuration control 
lines then switch from minimum current drain 
(quiescence state) to the configuration specified at 
initialization. The seven configuration lines are 
defined as follows: 

35 SWP Switches power to analog circuitry 

GAN Amplifier gain either high or low 



SUBSTITUTE SHEET 




WO 92/22245 PCIYUS92/0S093 



-40- 

HCF High corner cutoff filter switches from 

3 hertz to 9 hertz 
LCF Low corner turn on filter switches from 
. 1 6 hertz to 2 hertz 
5 THR Detection threshold above virtual 

ground either high or low 
3 Op 30 decibels per octave rolloff , 1 hertz 

cutoff only 
40D 40 decibels per octave for 3 or 9 hertz 
1 0 cutoff 

Users never control these variables 
directly. Instead, they select a configuration from a 
table of options. The options and the associated 
configuration variables are shown in Table 3 above. 
15 An event variable can be initiated by the 

two membrane switches 22 and 23. Actuating switch 22 
causes the monitor to respond with two audible beeps 
and to log an event in channel 6. Actuating switch 23 
causes the monitor to respond with one beep followed 
20 by a 5 second period of beeps synchronized with 1 

second clock pulses followed by 10 seconds of activity 
pulses. Event variables are distinguished from 
configuration variables because their meaning can 
change according to a specific user requirement. For 
25 example, special sub-routines can be executed from 
RAM. 

Data variables control the type of activity 
data that will be recorded. They are distinguished 
from configuration variables because they configure 

30 software and not hardware. It was previously noted 
that the monitor produces analog and digital outputs. 
These are provided simultaneously through the inner 
connect pins ANO and ACT. As previously described, 
seven types of data can be recorded from these two 

35 outputs: 

ZCA - Zero crossing above threshold in 
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10 



15 



20 



25 



30 



counts 

ZCB - Zero crossing below threshold in 
counts 

ZAB - Zero crossing above and below 
threshold in counts 

TCA - Time crossing above threshold in time 

TCB - Time crossing below threshold in time 

TAB - Time crossing above and below 

threshold in time 

AAD - Analog out a/d conversion 

At the time of initialization, the user 



typically selects one of the seven options listed. 
The activity monitor 10 then collects data for the 
full duration of its run- time. This is in the fixed 
initialization mode. 

With the floating initialization, many of 
the initialization variables can be changed according 
to a predetermined schedule and the nature of the data 
being collected. This amounts to apriori and adaptive 
hardware and software reconfiguration during run-time. 
In the case of data variables, the monitor can change 
from one type to another according to a schedule or • 
because of some data characteristic. For example, a 
simple experiment might use a protocol that requires 
alternating between ZCA and TCA. A more advanced 
experiment could require simultaneous recording of ZCA 
and TCA. The monitor may periodically examine a 
limited past data record for the purpose of evaluating 
whether or not the correct data mode (actually any 
variable under control of the processor) is in effect. 
Recognizing the limited amount of AAD data that may be 
gathered during a single run-time leads to possible 
special cases where only limited periods of analog 
activity are to be recorded by the analog channel. 
They are determined on the basis of historical data 
contemporaneously recorded and evaluated. This 
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concept embraces a type of artificial intelligence 
that may optimize the monitor for recording wide 
dynamic range variable bandwidth data from human 
motion. 

5 In one type of auto mode, the activity 

monitor gain is automatically switched according to 
the following algorithm: 

If V analog is greater or equal than V 
SAT for 60% of epoch, then choose lower 
10 gain for not less than 10 minutes or 

less than 100 epochs. 

If V analog is less than or equal to .2 
volts for 60% of epoch, then choose 
high gain for not less than 10 minutes 
15 or less than 100 epochs. 

Floating initialization permits the activity 
monitor to alter its initialization and other 
parameters while in operation. Users may now input a 
schedule consisting of sets of initialization 
20 parameters or an algorithm. At various times the 

monitor will interrupt data collection and. retrieve 
new initialization parameters just as if it had been 
inserted into the monitor and re-initialized. In the 
fixed floating mode the user provides a schedule of 
25 re-initialization parameters. The format for these 
parameters are the same as that used in the fixed 
initialization case. 

In the floating floating initialization, 
initialization parameters are controlled by the nature 
30 of the data being collected instead of by apriori 
schedule. This is an adaptive situation. For 
example, a particular test might result in no analog 
saturation but saturation in zero crossing. This is a 
frequency problem and can be remedied one way by 
35 filter switching. In practice, the method is selected 
at the time of initialization by the user. A 
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user-written program installed in RAM will initialize 
the monitor for the start time. One of the event 
channels is used to monitor the initialization 
parameter changes, and this information becomes a part 

5 of the data record. Floating floating and fixed 

floating initialization methods can be combined. Some 
parameters are not subject to adaptive change but are 
under control of a master schedule. Others are 
modified according to a user-specified algorithm that 

10 utilizes activity data to decide the best hardware and 
software configuration to choose contemporaneously 
with an on-going test. 

While a particular embodiment of the 
invention has been shown and described, it will be 

15 obvious to those skilled in the art that changes and 
modifications may be made therein without departing 
from the invention in its broader aspects, and, 
therefore, the aim in the appended claims is to cover 
all such changes and modifications as fall within the 

20 true spirit and scope of the invention. 
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We Claim: 

1 1. A programmable patient monitoring 

2 system for detecting and recording an occurrence or 

3 absence of at least one patient body movement in a 

4 human or animal patient over time, said patient 

5 monitoring system comprising: 

6 an actigraph device securable to a desired 

7 location on a patient whose body movements are being 

8 monitored, said actigraph including means for sensing 

9 movement of the patient's body and means for 

10 simultaneously generating an analog electrical signal 

11 having waveform configuration, frequency and amplitude 

12 characteristics reflective of the effect said at least 

13 one body movement has on said sensing means, said 

14 actigraph further including configurable highpass 

15 filter means for attenuating a component portion of 

16 said analog signal having a frequency below a 

17 selectively adjustable lower threshold frequency, and 

18 conf igurable lowpass filter means for attenuating a 

19 component portion of said analog signal having a 

20 frequency above a selectively adjustable upper 

21 threshold frequency, said actigraph further including 

22 memory means of finite capacity, conversion means for 

23 sampling said selectively filtered analog signal, for 

24 converting said signal to a plurality of signal 

25 resultants and for storing the signal resultants in 

26 said memory means, said highpass filter means and said 

27 lowpass filter means each being configurable in 

28 response to applied configuration control signals, 

29 said actigraph further including a processor circuit 

30 having a plurality of programmably selectable 

31 operating modes corresponding to a plurality of 

32 configuration settings, each setting being 

33 specifically appropriate for monitoring a 

34 predetermined body movement, said processor circuit 



* SUBSTITUTE SHEET 



WO 92/22245 PCT/US92/0S093 



-45- 

35 applying said configuration control signals to said 

36 lowpass filter and said highpass filter, whereby said 

37 patient monitoring system is programmed by said 

38 processor circuit to specifically detect and record 

39 movement data relating to said at least one 

40 predetermined patient body movement over a desired 

41 period of time. 

1 2. A programmable patient monitoring 

2 system as defined in Claim 1, further comprising a 

3 configurable amplifier means for selectively 

4 adjustably amplifying said analog electric signal to 

5 a desired amplification level, said amplifier means 

6 being configurable in response to an applied 

7 configuration control signal also applied by said 

8 processor circuit. 

1 3. A programmable patient monitoring 

2 system as defined in Claim 2 f wherein said processor 

3 circuit includes a resident operating program for 

4 controlling the configuration of said amplifier means, 

5 said JLowpass filter means and said highpass filter 

6 means . 

1 4. A programmable patient monitoring 

2 system as defined in Claim 3, wherein the actigraph 

3 includes a data port, and said resident program is 

4 changeable through said data port. 

1 5. A programmable patient monitoring 

2 system as defined in Claim 3, wherein said resident 

3 program is changeable in response to said sampled 

4 signals. 

5 6. A programmable patient monitoring 

6 system as defined in Claim 1, wherein each of said 

7 filter means includes an analog switch device 

8 responsive to a said applied control signal for 

9 controlling its respective threshold frequency. 
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1 7. A programmable patient monitoring 

2 system as defined in Claim 1, including saturation 

3 inhibit means responsive to said filtered, analog 

4 electrical signal for inhibiting the storing of said 

5 signal in the event said signal exceeds a 

6 predetermined threshold level, said processor circuit 

7 further including interactive software means 

8 responsive to signals provided by said saturation 

9 inhibit means for altering the configuration settings 
10 to prevent continued saturation. 

1 8. A programmable patient monitoring 

2 system as defined in Claim 3, wherein said processing 

3 circuit includes a timer for initiating changes in 

4 said operating mode at predetermined times. 

1 9. A programmable patient monitoring 

2 system as defined in Claim 3, further including 

3 detector means for developing a first resultant data 

4 signal indicative of a selected resultant mathematical 

5 parameter of said amplified, filtered analog signal 

6 and means for storing said first data signal in said 

7 finite memory. 

1 10. A programmable patient monitoring 

2 system as defined in Claim 9, wherein said detector 

3 means comprises a zero crossing detector having a 

4 threshold signal level, and said mathematical 

5 parameter is the time duration of said detector signal 

6 above said predetermined threshold. 

1 11. A programmable patient monitoring 

2 system as defined in Claim 9, wherein said detector 

3 means comprises a zero crossing detector having a 

4 threshold signal level, and said mathematical 

5 parameter is the frequency of said signal crossing 

6 said predetermined threshold. 
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12. A programmable patient monitoring 
\ system as defined in Claim 9, wherein -id detector 
3 means comprises a zero crossing detector J mng 

threshold signal level, and said -thematxcal 

5 parameter including time-duration above threshold and 

6 frequency of threshold crossing are stored as 

7 resultant data signals in said memory. 

\ 13 . A programmable patient monxtormg 

\ system as defined in Claim 12, including additional 

2 system reconstructing the analog 

3 processing means tor re«-wi . . 

4 electrical signal from said stored resultant data 

A programmable patient monitoring 



5 signals, 



8 



I system as defined in claim 1. further comprising 

\ computer means adapted to receive stored sxgnal 

4 resultants from said memory means for further 

5 processing and adapted to transmit appropriate 

\ programming instructions to said processor cxrcu lt to 

liter or select a said operating mode and electrxcal 
7 „n„ rnnnectinq saxd 



alter ocj.&v» — - 

- electrically connecting 

interface means for eiectri^xxj 



9 actigraph to said computer, 
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1 15. A method for automatically monitoring 

2 predetermined body movements of a subject over time, 

3 said method comprising: 

4 affixing an actigraph device onto the 

5 subject at a desired location thereby permitting the 

6 actigraph to produce an analog electrical signal 

7 responsive to and characterized by said bodily 

8 movements, three-dimensionally tuning said actigraph 

9 device by adjusting the amplitude and frequency 

10 characteristics of said analog electrical signal to 

11 enhance relevant signal information and remove 

12 irrelevant signal information to provide an enhanced 

13 signal, and thereafter, passing said enhanced signal 

14 through a converter means for selectively sampling 

15 said enhanced signal with respect to an appropriate 

16 real time epoch to provide resultant data signals, if 

17 any, which fall within known activity regions defined 

18 in a mutually orthogonal, three-dimensional coordinate 

19 axis system including a sensitivity axis, a frequency 

20 axis and an epoch axis, previously known to be 

21 specific for the predetermined body movement being 

22 monitored and storing said resultant data signals for 

23 later analysis and use. 

1 16. A programmable patient monitoring 

2 system as defined in Claim 1, wherein said patient is 

3 a human patient and the actigraph device is secured to 

4 the non-dominant wrist of the patient. 

1 17. A method as defined in Claim 15, 

2 wherein the subject is a human patient and the 

3 actigraph is affixed to the non-dominant wrist of the 

4 human patient. 
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